Climate change might drive species declines by altering species interactions, such as host-parasite interactions. However, few studies have combined experiments, field data, and historical climate records to provide evidence that an interaction between climate change and disease caused any host declines. A recently proposed hypothesis, the thermal mismatch hypothesis, could identify host species that are vulnerable to disease under climate change because it predicts that cool-and warm-adapted hosts should be vulnerable to disease at unusually warm and cool temperatures, respectively. Here, we conduct experiments on Atelopus zeteki, a critically endangered, captively bred frog that prefers relatively cool temperatures, and show that frogs have high pathogen loads and high mortality rates only when exposed to a combination of the pathogenic chytrid fungus (Batrachochytrium dendrobatidis) and high temperatures, as predicted by the thermal mismatch hypothesis. Further, we tested various hypotheses to explain recent declines experienced by species in the amphibian genus Atelopus that are thought to be associated with B. dendrobatidis and reveal that these declines are best explained by the thermal mismatch hypothesis. As in our experiments, only the combination of rapid increases in temperature and infectious disease could account for the patterns of declines, especially in species adapted to relatively cool environments. After combining experiments on declining hosts with spatiotemporal patterns in the field, our findings are consistent with the hypothesis that widespread species declines, including possible extinctions, have been driven by an interaction between increasing temperatures and infectious disease. Moreover, our findings suggest that hosts adapted to relatively cool conditions will be most vulnerable to the combination of increases in mean temperature and emerging infectious diseases.
independently drive current and future declines in biodiversity (Liu, Rohr, & Li, 2013; Patz, Campbell-Lendrum, Holloway, & Foley, 2005) .
However, there is surprisingly little concrete evidence that interactions between climate change and infectious disease are causing widespread population declines (Cahill et al., 2013; Rohr et al., 2011) , possibly because of a lack of theoretical frameworks, supported by a combination of experiments and field data, that can relate climatic factors to host-parasite interactions to account for shifts in biodiversity (Rohr et al., 2011) . Such frameworks would be valuable in establishing causal links between climate change and declines mediated by disease.
A recently proposed hypothesis, the thermal mismatch hypothesis (Cohen et al., 2017) , suggests that infectious disease outbreaks are likely to occur at temperatures where the performance gap between pathogens and their hosts is greatest. Because parasites generally have broader thermal performance breadths than hosts (Baas-Becking, 1934; Rohr, et al., 2018) , and both hosts and parasites might be locally adapted to climatic conditions in their ranges and limited by extreme conditions, the hypothesis posits that hosts adapted to cooler climates should be especially susceptible to disease under unusually warm conditions, and vice versa (Figure 1a, b) . When conditions become too extreme, the hypothesis predicts that any advantage parasites have over hosts will likely cease (Figure 1a, b) .
Importantly, the predictions of the thermal mismatch hypothesis are robust to relaxing several of its assumptions, such as local adaptation of host and parasite and the degree and direction of the skew of the performance curves (Supporting Information Figure S1 ). Therefore, the thermal mismatch hypothesis provides a framework to predict which species might be most likely to experience disease-driven declines under warming and thus might be able to explain patterns in species declines associated with climate-related outbreaks of emerging infectious diseases. Recent experimental and field evidence supports the predictions of the thermal mismatch hypothesis (Cohen et al., 2017; Figure 1c,d) . For example, the chytrid fungus Batrachochytrium dendrobatidis, a pathogen that infects the epidermal layer of adult amphibians and is implicated in worldwide amphibian declines (Collins, 2013) , grew best at relatively cool and warm temperatures on species that preferred warm and cool temperatures, respectively (Cohen et al., 2017; Figure 1c) . Further, using 598 globally distributed populations from 235 amphibian species, Cohen et al., 2017 revealed that warm-and cool-adapted amphibians had the greatest B. dendrobatidis prevalence at cool and warm temperatures, respectively (Figure 1d ; possibly because of a temperature-dependent immune response to B. dendrobatidis; Ribas et al., 2009), providing broad support for the thermal mismatch hypothesis. Batrachochytrium dendrobatidis is sensitive to environmental conditions (Kilpatrick, Briggs, & Daszak, 2010) , can be locally adapted (Stevenson et al., 2013) , and has a broad thermal tolerance (Voyles et al., 2017) , fulfilling the assumptions of the thermal mismatch hypothesis.
The thermal mismatch hypothesis, however, has not yet been applied to predict widespread host declines associated with climate change and infectious disease (but see Clare et al., 2016 for a discussion of climate change impacts on chytridiomycosis). The amphibian genus Atelopus has suffered more severe declines attributed to the spread of B. dendrobatidis (Lips, Diffendorfer, Mendelson, & Sears, 2008; Pounds et al., 2006; Rohr & Raffel, 2010) (Voyles et al., 2018) . Still, the IUCN data provide a unique opportunity to examine whether the thermal mismatch hypothesis can accurately predict the timing of disease-driven disappearances or declines while competing against alternative climate-related hypotheses for these declines. Previously, several studies explored whether B. dendrobatidis-linked declines of Atelopus spp.
were associated with increases in mean temperature, temperature variability, or are simply explained by the typical spatial spread of the pathogen (Lips et al., 2008; Pounds et al., 2006; Rohr & Raffel, 2010; Rohr, Raffel, Romansic, McCallum, & Hudson, 2008) ; however, these studies were not backed by experimental data and often correlated extinctions with continental-scale climate data. In addition, these analyses did not address spatial heterogeneity in climate change and geographic variation in host adaptation to climate (See Supporting Information Table S1 and Supporting Information for a comparison and discussion of this literature). Finally, no previous studies have tested hypotheses that consider host-level drivers of declines, such as the thermal mismatch hypothesis. Therefore, there is not yet evidence in this system, or any system that we are aware of, that climate change or thermal mismatches interacted with infectious disease to facilitate declines (but see Ben-Horin, Lenihan, & Lafferty, 2013) .
Here, we link a theoretical framework, multiple laboratory experiments, and analyses of declines using historic monthly climate data from ranges of individual species (Supporting Information Figure S2 ; see Methods for more details about climate data), to examine the relationships among amphibian declines, climate change and emerging infectious disease. We tested how mean temperature and temperature shift affects response to B. dendrobatidis infection in Atelopus zeteki, a species that prefers temperatures between 17°C and 18°C (Cohen et al., 2017) and is known to perform poorly at temperatures exceeding 30°C (see Supporting Information). In addition, we simultaneously tested seven hypotheses for the climate-related declines of AtelopusAnimals were swabbed for infection at 1, ranges. This interaction represents the thermal mismatch hypothesis because the hypothesis predicts that the effect of climate change depends on whether the host is cool-or warm-adapted, which in turn drives the differential performance of host and pathogen. Unlike past investigations, we explicitly competed increasing mean temperatures and increasing temperature variability as explanations for these declines using both laboratory and field data.
| MATERIALS AND METHODS

| Animal care and maintenance
Captive-bred Atelopus zeteki were obtained from the Maryland Zoo in Baltimore, MD, as adults and maintained in the laboratory at the University of South Florida at 21°C for approximately one month prior to the start of experiments. Animals were fed vitamin-dusted crickets ad libitum twice per week and were kept in vented plastic containers (26 × 16 × 8 cm) with two folded paper towels that were moistened with artificial spring water and changed twice weekly.
Before experiments, all frogs were weighed and assigned to treatments of equal mass. Throughout the experiments, animals were kept in the same plastic containers described above, placed inside of temperature-controlled, insulated Styrofoam incubators (inner dimensions 37 × 21 × 13 cm; Marko Foam Products, Salt Lake City, UT) that had Plexiglas windows to allow in light. Incubators contained adjustable thermostats and were lined on the bottom with heat tape 
The thermal mismatch hypothesis In isolation, small organisms, such as parasites (red lines), generally have broader thermal performance curves than larger organisms, such as hosts (blue lines). Parasite growth on hosts is likely to occur at temperatures where a parasite most outperforms its host (bidirectional arrows), and not necessarily at the temperature at which a parasite performs best in isolation. For interacting cool-adapted hosts and parasites (a), parasite growth should be maximized at relatively warm temperatures, whereas for interacting warm-adapted hosts and parasites (b), parasite growth is predicted to be maximized at relatively cool temperatures. Cohen et al., 2017 provided support for this hypothesis by demonstrating that warm-and cool-preferring frogs had the highest abundance of B. dendrobatidis at cool and warm temperatures, respectively (see Methods for generation of B. dendrobatidis growth peaks and SEMs) (c). Additionally, using 598 globally distributed populations from 235 amphibian species, Cohen et al., 2017 revealed a negative relationship between the 50-year mean annual temperature and the temperature of peak B. dendrobatidis prevalence experienced by populations in varying climate windows (bars), indicating that warm-and cool-adapted amphibians tend to have greater disease at cool and warm temperatures, respectively (d). 
| Temperature gradient experiment
Atelopus zeteki (n = 8/treatment in each temporal block) were exposed to 3 ml of 1.25 × 10 5 zoospores/ml of Panamanian B. dendrobatidis isolate JEL 423 in 1% tryptone broth at one of five temperature treatments (14°, 18°, 22°, 26°, and 28°C) in two temporal blocks. Batrachochytrium dendrobatidis was directly pipetted on the backs of the frogs and the extra inoculate collected in the bottom of their containers until a container change after 24 hr. Control animals (temporal block 2 only) received a sham exposure of 3 ml 1% tryptone. Before exposure, all animals were acclimated to their temperature treatment for 2 weeks to avoid confounding exposure to a pathogen with a simultaneous exposure to a new temperature.
Batrachochytrium dendrobatidis inoculates were also acclimated to each temperature for 12 hr, were counted using a hemocytometer, and were diluted with 1% tryptone to equal concentrations before exposure. At the time of host exposure, two 8 ml B. dendrobatidis cultures containing 1.25 × 10 5 zoospores were placed in each incubator after acclimating to that temperature for 12 hr and being counted and diluted with 1% tryptone to target concentrations.
Animals were swabbed for infection at 1, 2, and 4 weeks after exposure or on date of death, swabs were frozen at −80°C, and quantitative PCR (qPCR; Boyle, Boyle, Olsen, Morgan, & Hyatt, 2004 ) was used to determine B. dendrobatidis quantities on the swabs. Mortality was monitored daily. After 4 weeks, frogs were swabbed, weighed, and euthanized with buffered MS-222. Cultures were nondestructively sampled (1 ml) and measured at 1 and 2 weeks using manual counts with a hemocytometer (temporal block 1) or a spectrophotometer (block 2). Different methods of quantifying cultures were used because our spectrophotometer was in repair during block 1, but differences in the temperature-dependent growth curves obtained using the two methods were not observed (Supporting Information Figure S4 ).
The experiment was conducted over two temporal blocks because initially we did not expect rapid mortality and did not have unexposed control frogs present. We had originally intended to Note. Species with asterisks were excluded from our survival model because they lacked the sufficient sampling effort for us to confidently assess a date of decline. Species with "none" below year of decline were surveyed multiple times without failure to appear in multiple consecutive surveys. IUCN classifications for each species are coded as follows: CE, critically endangered, DD, data deficient, EN, endangered, EX, extinct, NT, near threatened, VU, vulnerable.
compare B. dendrobatidis load intensity across temperature and did not plan to consider mortality. See Supporting Information Figure S4 for a comparison of the results across temporal blocks. 
| Analyses for temperature gradient experiment
These models produce asymmetrical temperature performance curves that do not fall below zero on the y-axis as well as parameter estimates for temperature of peak growth (T opt for Johnson-Lewin; b for Weibull). To determine peak B. dendrobatidis growth of each isolate, we compared the AICcs of both models and chose the peak growth parameter of the better performing model. Profiling (stats package, profile function) was used to determine error for the T opt parameter.
To determine the temperature-dependent pattern of B. dendrobatidis growth on frogs, logistic growth curves were fit to infection loads [log((load +1)/frog mass)] on individual frogs across both temporal blocks via maximum likelihood (All analyses were conducted in R 3.1.0 unless otherwise indicated; mle2 function, bbmle package, Bolker, 2014, assuming a normal error distribution). The mean r (-growth rate) parameter was calculated for growth across all temperatures. Growth rates were fit to temperature (mle2 function, bbmle package, Bolker, 2014, same assumptions as above) using an exponential model. To determine temperature of peak parasite growth on frogs, Johnson-Lewin curves were fit to the growth rates across temperature plus an additional point, the CT max for A. zeteki (~30°C; pers. comm., Maryland Zoo) where parasite growth is assumed to be zero, so that the pattern would be unimodal and a T opt could be identified. Profiling was again used to determine T opt error (confidence intervals). This method was also applied to determine peak
B. dendrobatidis growth and error for Osteopilus septentrionalis and
Anaxyrus terrestris data reported previously (Cohen et al., 2017; Figure 1c) . For these species, we fit Johnson-Lewin curves to B. dendrobatidis growth data on animals from that study as well as the CT min for each species (~10°C for O. septentrionalis based on personal experience and~6.1°C for A. terrestris based on CT min in a related species; Johnson, 1972) . Although the CT min and CT max values we used are not necessarily accurate, a ± 3°C shift in these values only resulted in a < 1°C shift in T opt for any species. To examine the relationship between frog mortality, B. dendrobatidis exposure, and temperature, Cox proportional hazards models were fit with temperature and B. dendrobatidis exposure as either noninteracting or interacting fixed effects, with mortality data censored after day 28 (coxph function, survival package, Therneau, 2014) . Data from both temporal blocks were combined for all analyses (controlling for block as a random effect), but see Supporting Information Figure S5 for results from each individual block.
| Temperature shift experiment
Atelopus zeteki were exposed to 10 5 zoospores of B. dendrobatidis (in 1 ml 1% tryptone broth, acclimated to 20°C for 12 hr) at 14°C, 17°C, 23°C, or 26°C after acclimating to either 20°C (shifted group) or their exposure temperature (constant group; n = 5 per temperature per group) for 2 weeks. Each incubator contained one animal from the shifted group and one from the constant group. Methods for the production, counting, diluting, and exposure of B. dendrobatidis inoculates were identical to those in the previous experiment.
Nonexposed frogs were not included in the experiment because not enough frogs were available and because our primary goal was to compare infection loads and mortality between shifted and constant animals at the same after exposure temperatures. Frogs were swabbed 2 and 4 weeks after B. dendrobatidis exposure, and infections were quantified as described above. Mortality was monitored for 6 weeks after exposure, after which the experiment was terminated and the animals were weighed and euthanized as described above. Although we acknowledge the lack of ecological realism in this design, we emphasize its elegance in getting at the impacts of a single component of variation. Additionally, it is rare for studies to simultaneously evaluate the effects of both changes to the mean and variance of temperature on responses, which is an advantage of our approach.
| Analyses for temperature shift experiment
The effects of temperature shifts on mortality were tested by fitting To test for the effects of temperature shift on mass-adjusted log-B. dendrobatidis load, an ANOVA was conducted with temperature and IUCN status as interacting fixed effects, including loads from week 2 and week 4 as response variables in separate models.
| Survival model predicting atelopus declines
Given the results of our two laboratory experiments and other experiments that suggest that B. dendrobatidis infection dynamics are
highly dependent on host species (Figure 1c ; Cohen et al., 2017) were considered). We excluded 10 Atelopus spp. from our analyses because sampling effort for these species was insufficient (<2 attempts at surveying following the last observation of the species;
see Table 1 ).
We extracted monthly mean temperature and mean precipitation 
| Temperature shift experiment
Batrachochytrium dendrobatidis-induced mortality also increased linearly with temperature (Cox proportional hazards model and ANOVA: χ 2 = 4.08, p < 0.05; Supporting Information Table S2 ). At the same B. dendrobatidis exposure temperatures, frogs that experienced temperature shifts had higher B. dendrobatidis loads than those that did not experience shifts (ANOVA: F 1,34 = 8.78, p = 0.005), consistent with the findings of previous studies Raffel, Halstead, McMahon, Davis, & Rohr, 2015) . However, we did not observe any significant effect of the temperature shift treatment on mortality (Shift treatment: χ 2 = 0.84, p = 0.36; Shift × temperature: χ 2 = 1.03, p = 0.31), and the temperature gradient (i.e., mean temperature) accounted for >6 times the variance in B. dendrobatidis-induced mortality as temperature variability (Supporting Information Table S3 ).
| Atelopus Species Declines
In the survival models, neither precipitation, altitude, nor any of our five measures of spatial spread explained significant variation in the risk of Atelopus spp. declines (Table 2; Supporting Information   Table S4 ; see Supporting Information for a discussion on why we might not have detected spread). Although the results were highly consistent across all six models (five containing a covariate representing spatial spread, and one without spatial spread), we highlight 
F I G U R E 2 Temperature-dependent patterns of Batrachochytrium dendrobatidis growth and Atelopus zeteki mortality. A. zeteki experienced high mortality (triangles, dotted line) and high B. dendrobatidis growth (squares, solid line) at warm temperatures after B. dendrobatidis exposure (a), even though B. dendrobatidis growth rates in culture (circles, dashed line) were low at these temperatures (see Figure S4 ). We could not measure B. dendrobatidis growth rates on A. zeteki at 28°C because very few animals survived long enough to be tested multiple times. Mortality over time was highly dependent on temperature for A. zeteki exposed to B. dendrobatidis across two temporal blocks (b). Mean survival time for A. zeteki at each of five temperatures when exposed to B. dendrobatidis is given in (c) (triangles; both temporal blocks) or not exposed (squares; 2nd temporal block). Temperature and higher-elevation species, our models suggest that these higher-elevation species are likely to be even more sensitive to disease at warm temperatures than A. zeteki, because they should be more cooladapted. In other words, the pattern we observed in our experiments of high susceptibility after B. dendrobatidis exposure at high temperatures we observed in our experiments is likely to be reflected in other Atelopus spp, which are almost all native to cooler environments than A. zeteki. In support of this assertion, the thermal mismatch hypothesis was supported across 598 globally distributed populations from 235 amphibian species (Cohen et al., 2017) , suggesting consistency across a wide range of populations and species.
Our experimental results demonstrate that patterns of temperature-dependent B. dendrobatidis performance in culture and on hosts differ sharply, a result consistent with the thermal mismatch hypothesis and with previous work demonstrating that warm-adapted hosts are most susceptible to B. dendrobatidis at cooler temperatures than those at which B. dendrobatidis grows best in culture (Cohen et al., 2017; Figure 1c,d) . The striking monotonic positive association between temperature and both B. dendrobatidis growth on frogs and B. dendrobatidis-induced host mortality contradict a common assumption that B. dendrobatidis outbreaks only occur at cool or moderate temperatures (Berger et al., 2016; Kilpatrick et al., 2010) .
We witnessed a strong temperature-dependent "cost of exposure,"
or cost associated with pathogen exposure rather than infection, among A. zeteki in the Temperature Gradient Experiment (Figure 2b ). higher risk of mortality than those never exposed and B. dendrobatidis metabolites alone were deadly to crayfish hosts . Note. Mortality probability based on B. dendrobatidis growth in culture (culturemortprob), log-transformed altitude (logaltitude), annual mean temperature (meantemp), a measure of temperature variability (log-transformed AVMD, absolute value of monthly difference in temperature), and a distance covariate representing distance from other declines in the previous year * range size of the declining species were also included. The bolded line represents the test of the thermal mismatch hypothesis. Statistical significance is noted with asterisks. Table 2 and display the significant two-way interaction between 5-year slopes in mean temperature-by-40-year mean temperature. Points represent individual years for each species and gray shading shows associated 95% confidence bands. The model suggests that species from typically cooler climates (a) were at greater risk of a decline (log-odds ratio; y-axis) after experiencing climate change (warming, or positive 5-year slope in mean temperature; x-axis) than species from warmer climates (b). Breaks are based on 20th and 80th percentiles. Because the response variable in a survival model is essential whether or not the species declined in a given year (coded as 1's and 0's), and there are far more years in which a species did not decline than years in which one did, the mean is close to zero and the residuals cluster slightly below the line (0's) or well above it (1's) researchers to explain species declines. However, evidence that they interact to cause declines has been elusive, possibly because researchers have tried to merely correlate increases in temperature with infectious disease, rather than looking for more nuanced patterns that depend on the host-parasite interaction (Rohr et al., 2011) . Here, we combine experiments with field patterns to examine how mean temperature and temperature variability impact susceptibility to B. dendrobatidis in the amphibian genus Atelopus, and our findings are consistent with the hypothesis that climate change and infectious disease interacted to drive widespread amphibian declines, especially in cool-adapted species. Recently, some of the Atelopus spp. that declined have evolved resistance to B. dendrobatidis and now have increasing population growth rates (Voyles et al., 2018) . However, it takes time to evolve resistance, and cool-adapted species with restricted ranges might not have enough time to adapt before they are driven extinct by a combination of disease and climate change.
Thus, it is important to understand the environmental conditions and traits of hosts that make them particularly susceptible to disease and the rates of both climate change and host adaptations.
